S1-S11;
Table S12-S19)
Materials and Methods: 788
Introduction 3 0
Metabolism of mineral nutrients plays a crucial role in regulation of most of the biochemical and Technology (NIST; Gaithersburg, MD, USA), were used for validation of the measurements. Concentrations of N in the samples were determined using C/N analyzer (TruSpec CN, Leco 1 3 8
Co., USA), while grain protein concentration (GPC) was calculated by multiplying N percentage 1 3 9
with conversion factor of 5.83 (Merrill & Watt, 1973) . Phenotypes of 17 complex traits: grain Adjusted trait values of 11 elements were obtained by calculating the residuals of a linear 1 4 8 regression between the means of the corresponding initial trait values and mean values of 1 4 9 'adjusting' factors (subsequently GY, P and S), in order to reduce the biases caused by variations 1 5 0 in productivity and the structural elements P and S. GPC adjusted for variation in GY was 1 7 1 QTL. The annotated gene models of 'Zavitan' genome assembly (Avni et al., 2017) were used to 1 7 4 generate a list of genes residing within each QTL interval (1.5 LOD support interval of QTL 1 7 5 effect with the highest LOD score), based on the physical positions of SNP markers that were 1 7 6 previously assigned by Fatiukha et al., (2019) . Potential candidate genes were selected from this 1 7 7 list using functional annotations associated with 'transport' and 'metabolism' of ions and 1 7 8 elements. All 11 initial traits exhibited a wide range and transgressive segregation for the RIL population for Al under WW07 ( Figure S1 ). ANOVA showed highly significant effects (P≤0.001) of 1 8 5 environments and years for all traits (Table S1 ). Traits under WW05 showed reduction in adjustment uncovered negative associations between K concentrations and some other elements.
1 7
In addition, both adjustments showed some environment-and trait-specific associations ( Figure   2 1 8
3). PCA conducted for all 11 elements showed that the first two PCs accounted collectively for 57%, 2 2 0 52.7% and 52.5% of the variations for WL05, WW05 and WW07, respectively ( Figure S2) GY-and S-adjusted traits showed a clustering pattern similar to that of the initial traits in WL05 included Mg, P, GPC and Al, while Ca and K showed lower associations with the other 2 3 0 elements. PCA for P-adjusted traits showed the strongest change in clustering compared to those 2 3 1 of the initial traits, with more clear environmental differences in the clusters. The major 2 3 2 difference for P-adjusted traits is that K was loaded aside from the other elements. PCA of P- The effect of the adjustment of the RIL phenotypic variation in the ionome traits s was assessed 2 3 9 using rank correlation (Kendall's Tau) between the initial and the adjusted trait values ( ( Figure 2 , Table S12 ). SpL and leaf morphology traits (FLW and FLL) showed weak positive and WL, conditions. Phenological traits showed "trade of" in associations with some of the associations between other complex traits remained approximately the same ( Figure 2 ). The strong interdependence between most of the elements, both with productivity and chelators, 2 6 1 required adjustment of these traits prior to QTL analysis to avoid biases due to unaccounted 2 6 2 phenotypic variation caused by these factors. In total, four sets of traits were used for QTL 2 6 3 analysis: one set of 11 initial traits and three sets of traits adjusted for variation in GY, P or S 105 QT loci ( Figure 4 , Table 2 , Table S13 -S14). Out of the 105 QTLs, 68 exhibited pleiotropic 2 6 6 effects on two or more traits, while37 of them affected only one trait (co-location of effects on 2 6 7 the initial and the adjusted traits was considered as a single-trait QTL). A total of 33 QTLs on the initial and adjusted traits, of which 38 QTLs displayed pleiotropic effects on the adjusted 2 7 0 traits, despite of no effect on the corresponding initial trait.
The presence/absence of QTL effects on the adjusted traits were used for classification of QTLs 2 7 2 in relation to the "adjusting factor', i.e. GY, P or S (summarized in Table 1 ). In case of co- localization of the initial and the adjusted QTL effects, the effect of the QTL was referred to as "independent" from the corresponding factor. In case of the absence of adjusted QTL effects, when an effect on the initial trait was detected, QTL was classified as "dependent" on the corresponding adjusting factor. The detected QTLs were referred to as "hidden" in cases of 2 7 7 detection of significant effects on the adjusted traits only. Mapping of the adjusted traits considerably improved the QTL detection power enabling 2 7 9
identification of new QTL effects compared to those detected on initial traits (Figure 4-6, Table   2 8 0 S13 QTLs were found for the adjusted traits only ( Figure 6 ), 5 QTLs showed an increase in LOD 2 8 2 score for adjusted traits compared to that of the initial traits ( Figure 5 ), and the remaining 4
QTLs displayed a decrease of the LODs for the adjusted traits. For Cu concentration, 14 QTLs 2 8 4 out of 33 were detected for adjusted traits only ( Figure 6 ), LOD scores were increased for 11 2 8 5
QTLs ( Figure 5 ) and decreased for 8 adjusted traits. Since one parent of the studied RIL population was WEW, it was interesting to compare positive indicating that the employed WEW genotype can be considered as a promising source for 2 9 0 increasing protein and S content. The advantage of WEW for other traits (Cu, Mg and Zn) is less 2 9 1 preannounced and may vary upon comparisons to other cultivated genotypes. We have ranked the ionome elements according to the total number of co-localized QTL effects > K (37) > Mn (24) > Al (18) ( Table S15 ). The maximum number of common QTLs, providing an indication for a shared regulation, was found for Fe/Zn (12), and GPC/S (11). On average, 2 9 7 each element has about four common QTLs with other elements, while only Mn and Al exhibited 2 9 8 no shared QTL effects (Table S16 ). The non-essential element Al showed the weakest QTL co-1 2 analysis (described in section Phenotypic association within wheat grain ionome) (Table S17 ).
3 0 9
For most of the combinations, we found rather strong correspondence between the level of co-3 1 0 localization and phenotypic associations. However, some of the combinations showed 3 1 1 unbalanced ranks of phenotypic associations with the obtained genetic architecture (Table S17) ,
which can be explained by the presence of QTLs with opposite increasing trait value (ITV) 3 1 3 alleles or differences in the effects (e.g. percent of explained variation, PEV) for the associated 3 1 4
traits (Table S15 ). Yet, some of the elements showed only a minor level of co-localization of In our previous study (Fatiukha et al., 2019) , we have anchored most of the SNPs used in the 3 1 9
current QTL mapping to the annotated reference genome of WEW (Avni et al., 2017) . Thus, we 3 2 0
were able to estimate the physical intervals of the detected QTLs using the relative proportion the number of genes within these intervals varying from 25 to 1740 (Tables S14, S18). The CGs. In addition, we found a few families of genes that were more frequently present within QTL involved also in metabolism of other elements due to the similarity in the chemical properties.
3 5 2
For example, we have identified 33 and 23 genes involved in Zn and Cu transport, respectively; GPC QTL interval. In addition, Vrn-B3 was found to reside in the the 7B.1 QTL, which showed 3 6 0 effects on eight ionome traits, making it a strong CG conferring these traits. The recent plant ionomics studies show a substantial progress in the understanding of the genetic composition as a network that enables to dissect the relationships and interdependence between 3 6 7 the elements (Baxter, 2015) . Some of the associations between elements can be explained by the to biases in mapping due to incorrect (biased) phenotypes. The working hypothesis of our study 3 7 5
was based on the assumption that two major structural elements of chelators, P and S, shape the proposed earlier as an important factor that can alter element level in plants (Baxter, 2009), we 3 7 8
did not encounter studies that implement this idea in genetic analysis. In this study, our main 3 7 9
goal was to dissect the genetic architecture of wheat grain ionome. Thus, we conducted QTL Furthermore, we adjusted the element concentrations for the variation in productivity in order to The approach of adjusted traits based on residuals from regression was previously demonstrated for accounting for the negative correlations commonly observed between yield and GPC (Oury , 2007) .. In the current study, the adjustments for variation in P and S showed 2009). Moreover, we can assume that some negative associations of K after adjustment for P 4 1 0 concentration can result from the competition between divalent Mg and Ca with monovalent K 4 1 1 (Lott et al., 1985) . It is also important to mention that in cereal crops, most of the plant K (over another factor that may contribute to the mentioned negative association. The strong phenotypic 4 1 4
correlation between GPC and P is probably associated with the balance between the proteins may be associated with chelate complexes (Raboy et al., 1991) . In the current study, we 4 1 7
have obtained strong associations between S and GPC, which can be explained by the strong The strong genetic associations between Fe and Zn, previously shown also in other studies The elemental spatial distribution maps within cereal grains, obtained from X-ray fluorescence 4 3 2 microscopy provide another layer of support for the consideration of P and S concentrations as Therefore, we selected GY as an integrative dilution factor that can account for the effects of "adjustment" approach in GWAS. Following the idea of shared genetic regulation of metals, we including the essential ones (de Abreu-Neto et al., 2013) . An obvious CG for the major GPC QTL identified in the current study on chromosome arm 6BS is Gpc-B1 that belongs to the NAC 4 7 8
family of transcription factors (TFs), and was shown to be involved in the regulation of nutrient 4 7 9
remobilization (Uauy et al., 2006) . Genes related to glutathione S-transferase family were shown 4 8 0 to be involved in Cu tolerance in rice (Li et al., 2018) and were identified in the current study 4 8 1 within 25 QTL intervals, therefore, supporting our hypothesis that S metabolism is associated 1 8 adjustment of these effects in genetic analysis that resulted in considerable increase of the QTL 4 9 0 detection power leading to the identification of new ionome QTLs. The obtained results showed 4 9 1 improved correspondence between the genetic basis and the phenotypic associations, confirming 4 9 2 the importance of understanding of the interdependence of the ionome. Our approach can be 4 9 3
utilized in a wide range of physiological and genetic studies that are focused on the regulation of important basis for future studies on the genetic and molecular mechanisms controlling wheat 4 9 6 grain ionome. In addition, the identified WEW QTL alleles leading to increase in GPC and 4 9 7 essential elements, such as Zn and Fe, emphasize the potential of wild relatives for improvement 4 9 8
of nutrition quality of crops. Acknowledgements 5 0 0
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